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Abstract—A prototype hardware/software system has been (see [8] for a review), relatively little practical experience with
developed and applied to the control of single wafer chemical- CMP control exists [7], [9], [10]. In this paper, we present the
mechanical polishing (CMP) processes. The control methodology 5 jication of an integrated hardware/software control system

consists of experimental design to build response surface and tilizi b thods t CMP
linearized control models of the process, and the use of feedback Ul'iZING run by run methods 1o overcome common

control to change recipe parameters (machine settings) on a lot Process and equipment difficulties.

by lot basis. Acceptable regression models for a single wafer In Section Il, we briefly review CMP process and equip-
polishing tool and process were constructed for average removal ment fundamentals, and identify the difficulties accommodated
rate and nonuniformity which are calculated based on film through run by run process control. Section Il presents the

thickness measurement at nine points on 8 in blanket oxide I trol t hitect dd ibes th dual
wafers. For control, an exponentially weighted moving average overall control Ssystem architecture, and describes the gradua

model adaptation strategy was used, coupled to multivariate Mode run by run control strategy. The polynomial response
recipe generation incorporating user weights on the inputs and surface and linear control models developed for CMP are
outputs, bounds on the input ranges, and discrete quantization discussed in Section IV. In Section V, we present a pair of
in the machine settings. We found that this strategy successfully gjmyjation and fabrication experiments that demonstrate the

compensated for substantial drift in the uncontrolled tool's re- . ¢ d effecti f del adapti b
moval rate. It was also found that the equipment model generated Importance and efiectiveness ol model adaptive run by run

during the experimental design was surprisingly robust; the same control. Finally, in Section VI we draw conclusions based
model was effective across more than one CMP tool, and over on these experiments, and highlight areas where additional
a several month period. We believe that the same methodology research and demonstration are needed.

is applicable to patterned oxide wafers; work is in progress to
demonstrate patterned wafer control, to improve the control,

communication, and diagnosis components of the system, and to Il. THE CMP PROCESS

integrate real-time information into the run by run control of the In the CMP process, the wafer is affixed to a wafer carrier
Process. (via back-pressure), and pressed face-down on a rotating platen
Index Terms—CMP, GCC, planarization. holding a polishing pad, as illustrated in Fig. 1. A slurry with

abrasive material (e.g., silica particles of sizes from 10 nm-200
#m) held in suspension is dripped onto the rotating platen
. . o during polish. The carrier and platen rotate at variable speeds,
HE chemical-mechanical polishing (CMP) process igypically on the order of 30 rpm. Tools differ in the number
of critical importance to current and future generatiogf wafers that may be simultaneously polished; single-wafer,

interconnect for integrated circuit technologies. In addition igyal-wafer, and other multi-headed tools exist.
CMP process and equipment development [1], the modeling ofThe process removes material at the surface of the wafer
CMP processes is an active area of research, including wefkough a combination of mechanical and chemical action.
on wafer scale dependencies [2], feature scale models [3],/%ypical process goal is to achieve “global” planarization
well as behavior of the equipment over many runs [4], [5]. Th@cross tens of mm) by preferential removal of “high” material
challenges posed by CMP for both sensor and control reseagehthe wafer. The planarization of dielectric (silicon dioxide)
are also becoming better known [6], [7]. While a good de@dyers between multilevel metallization steps is one common
of research into run by run control methods has been reporigsplication. Metal planarization is also often performed.
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Fig. 3. Baseline CMP experiment.

periment, conventional slurry compositions, composite pads,
i i and carrier films were used. Pad conditioning was performed
s e simultaneously or sequentially, depending on the tools used.
[ A 6 Film thicknesses were measured on a Prometrix Spectromap
L . e | edge SM2000. In both experiments, the control goal is to maintain a
o ,.-*{ BOE o target removal rate and within-wafer nonuniformity in the face
e of equipment drifts (primarily pad related) and disturbances.
T The change in removal rate and nonuniformity for a typical
Fig. 2. Measurement sites. uncontrolled or baseline oxide polish process (with a fixed
recipe) is shown in Fig. 3. This run, and all those described
changing removal rates over time), the within-wafer uniformitip this paper, were conducted on single wafer polishing tools,
of the polish is difficult to achieve and maintain. Differenceysing 8 in silicon wafers with a thick blanket oxide deposition.
between polish rates at the center and edge of the wafer (iBgcause we are only measuring and compensating for wafer-
“bu”s-eye patterns”) may arise due to wafer asymmetry (edﬁ)/G' variation from run to run, we believe that the same
wafer flat), nonconstant relative pad velocity from the edge f8ethodology is also applicable to patterned wafers in which
the center, nonuniform slurry and by-product transport und&imilar wafer-level variation is typically observed [11].
the wafer, wafer bowing due to pressure, or machine drift in
time of any of these parameters. As a result of these problems,
it is conventional practice to use a number of send-ahead or
dummy wafers to condition and/or calibrate the tool before or The observed drift in CMP processes, and the availability
after each lot of wafers. Here we seek to employ run by rwf post-process measurements, motivate the use of a run by
process control to address these process and tool issueststocontrol strategy. A generic semiconductor control system
both reduce or eliminate monitor wafer usage, and to maintdlamework has been under development [12]-[15], and is
the performance of CMP processes. applied to the CMP control problem. Components of the
In this work, the product characteristics of concern are tlw@ntrol system design include the following.
removal rate (corresponding to a controlled amount of oxide1) Generic cell control—a framework for the implemen-
polished during the step) and the within-wafer uniformity  tation and incorporation of specific modules (e.g., for
of that removal rate across the wafer. The removal rate is run by run control, communications, metrology, etc.).
determined by measurement of oxide film thickness before  Generic services provided by the GCC include user
and after polish at each of nine sites on the wafer as shown interface, database access, and application module com-
in Fig. 2, divided by the (fixed) polish time. The “removal munication.
rate” output is the average of the nine sites on a wafer. The2) SECS-Il communication with measurement and fabri-
“nonuniformity” output parameter is computed for each wafer cation equipment. This enables capture of post-process
as the standard deviation of the amount removed over the nine wafer measurements, and of real-time equipment signals,
sites on the wafer, divided by the average amount removed as well as down-load of modified process recipes.
over the nine sites, times 100. 3) Statistical process control—conventional and multivari-
Two sets of control experiments (detailed in Section V) ate charting, and mechanisms to dispatch to rapid or
were conducted, each on a different polisher. For each ex- gradual mode controllers based on equipment state.

Ill. CONTROL SYSTEM DESCRIPTION
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4) Rapid process adjustment—for rapid update of existig. 5. CMP run by run control strategy.

ing recipes (e.g., in response to significant shifts in
equipment response), or rapid process evolution and
optimization.

TABLE |

EXPERIMENTAL DESIGN PARAMETERS

5) Run by run control—for gradual compensation, on & Factor Lower Bound Upper Bound
lot-by-lot basis, of equipment and consumables drift. speed (rpm) 20 40
In this paper, we focus on a subset of these modules used Pressure (psi) 0 ’
. . force (Ib) 8 10
to demonstrate process control for CMP, as illustrated in orofile 09 0.9

Fig. 4. The collection of real-time data and preliminary data

compression and diagnosis approaches (e.g., similar to that for

plasma etch [16]) will be reported at a future time. A detailednd profile. A central composite design in these parameters

discussion of the generic cell controller (GCC) is availabl@as performed, with ranges as summarized in Table I.

in Moyne et al. [12]-[15]. A general introduction to run by Second order polynomial regression models were con-

run control is presented by Sachs [17]; the implementation astlucted for removal rate and nonuniformity. Model fits

extensions of run by run control algorithms used here for CMiith adjusted?R? of 0.897 and 0.769 for removal rate and

control are described in [10], and by Boniegal. [18]. nonuniformity, respectively, were achieved. The response
The control architecture of Fig. 4 is expanded in Fig. Surfaces (for nominal values of pressure and profile) are

to highlight the control strategy used in this work. Offshown in Fig. 6.

line experiments are performed on the CMP tool to build Each polynomial regression model is linearized around the

empirical (static input-output) models of the process responsperating point to generate a multivariate model for the gradual

An optimal process recipe is selected that satisfies (or tradesde run by run controller

off) design goals; this is used as the initial recipe for process

control. Lots of 10 wafers each are planarized in the tool, and

measurements of oxide film removal rate and nonuniformifyherey, is the output vector (removal rate and nonuniformity),
are made on wafers #9 and #10. This information is fed 10 is the input recipe vector (speed, force, pressure, and
the gradual mode run by run controller, which adapts ﬂ}fad profile), A is a 4 x 2 matrix of model coefficients,
process response models. These updated models are then ysgd. is a vector of offset terms. In this controller, we
to generate a new process recipe which: a) achieves the Qﬁﬁ? adapt or update the offset terms while the gain
(We@ghted) trade-off among the multiple output targets or l&)efﬁcientsA remain fixed. As seen in Fig. 6, the full response
achieves all targets with the smallest (weighted) change d[jifaces are nearly linear over the entire operating space. More
the recipe. The revised recipe is then used for the next lot importantly, the surfaces are locally very well-behaved (nearly
wafers. linear, monotonic) thus justifying a linearization of the models
for control. The robustness of these models in the face of
equipment change is discussed in Section V-C.

y=Az+c

IV. CONTROL MODEL DEVELOPMENT

Screening experiments with a set of seven parameters were
initially performed to determine which machine parameters
exert the strongest influence on removal rate and nonunifor-An important aspect of the run by run controller is adaptive-
mity. Based on this initial screening, an experimental designess of the process model. This is illustrated by comparison of
for control purposes was restricted to speed, pressure, forweg sets of control experiments: in the first, we use a “partial”

V. CONTROLLER SIMULATIONS AND EXPERIMENTS
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Fig. 6. Response surfaces for removal rate and uniformity (as a function of speed and force).

model update, and in the second we engage the full adaptweight coefficientx of 0.5 was used for removal rate, and 0.3

controller. for nonuniformity. Under this strategy, the system functions
For partial model update, the linear model is updated basgdilar to a discrete proportional controller (without integral

on the most recent run, but then combined with the originattion).

linear model before generating a new recipe In the case of full model update, recursive adaptation oc-

curs by an exponentially weighted moving average (EWMA)

ce = alyr — Aze) + (1 = a)eo update of the offset term, again based on the error between

where the subscriptindicates the (lot) run number, angis Model prediction and measurement

the actual output resulting from the recipg The variablecy
is the offset term in the original linear model. In this case, a e = oy — Azy) + (1 — o).
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Fig. 9. Partial model update—outputs (experiment #1).
Fig. 7. Partial and full model update—output comparison (simulation).
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Fig. 8. Full model update—control inputs (simulation). in Fig. 8 for the full model update simulation. We see that

full multivariate control action is taking place: all four input
Here, ¢;_, is the offset term used on the previous run ThRarameters are used by the controller to keep removal rate and
N uniformity on target. In these simulations and experiments, a

of both noise and sampling (i.e., we measure and averdg¥ nonuniformity target (on the order of 100-200) below
only wafers 9 and 10 out of each 10 wafer lot). Againt at typically achievable was used to keep the nonuniformity
weight coefficients ofx = 0.5 for removal rate and 0.3 for below some acceptable value (a future desirable enhancement

nonuniformity were used. to the controller is the inclusion of constraints on outputs in

Simulations were performed for these two cases, as shoffflition to or instead of specific target values). Note that in
in Figs. 7 and 8. An equipment simulation model was assumifSe Simulations we assume very fine resolution on input
with gain coefficients 5% greater or smaller than in the contrBAT@meters. In the experiments that follow, we incorporate
model, linear drift on the removal rate and nonuniformit;[?xu:"nSIonS In the algorlthm_that explicitly accoupt for f!n|te
and additive gaussian noise similar to those observed on {ABUt resolution (or quantization), observable as discrete jumps
baseline run. We see that the partial model update does [ibfhe input parameters of Figs. 10 and 12. The algorithms
adequately compensate for the drift in removal rate, althougtt'§€d: including the utilization of input and output weights and
does reduce the impact of the drift compared to an uncontro"fégnstralnts as well as input quantization, are described in detail

process. The full model update, on the other hand, succe@?ﬂw]'
in removing the drift, with a small bias error due to drift trend ) )
and model mismatch as expected [19]. A. Experiment #1: Partial Model Update
The recipe (also called the machine settings, inputs, orThe results of the first control experiment, with only partial
control parameters) suggested by the controller are shomodel update, are summarized in Figs. 9 and 10. Examining

selection of the weight coefficient is based on consideration
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the output result for removal rate, we note that the origindfiginal regression model and its linearization (Section IV)
recipe deviates significantly from the target (18°U®nin);this formed the basis for the flr_st set of control ex_penments.
model error is fatal without permanent model adaptation. Ji€s€ control models were in fact developed odiféerent
each run, the controller generates a new recipe which attemi9@ than that used for the control experiments, and were
to fully compensate for the difference between desired af§veloped several months earlier. We found that the CMP
observed removal rate. This change initially (first 50 wafeGONtrol models appear to capture fundamental aspects of CMP
or so) moves us closer to the target, but once substanf{&d-» removal rate increases with increased polish speed and
drift accumulates, the controller has no means to permaner@c€: as expected). The error in model gain coefficients

improve the control—on each new run, the controller generafés9- the gain with respect to polish speed) does, however,
a new recipe which is an improvement over theginal contribute to the bias error observed in controlled outputs.

recipe, but not an improvement over thevious recipe. Further work to address this bias is underway (i.e., predictor-

The controller does not take advantage of the full range gprrector approaches to attack persistent trends [20], internal
input parameters (they have not hit bound constraints); rath&odel control for better convergence [21]).
the problem is that no permanent adaptation or learning isT0 more directly assess the validity of the control models
achieved, and the resulting control is poor. across time and toql type, upon completion _of the first contrql
run, a small experimental design was again performed, this
time directly on the tool used for the control experiment. A 40
wafer Box—Behnken design in the four control parameters was
In the second experiment, full (permanent) model adaptatigarformed. The resulting models were found to be surprisingly
was used. Here we see (Fig. 11) that the drift is compegimilar to the original models; some coefficients (e.g., speed
sated much more effectively. Examining the control parametgirm in the removal rate model) were numerically very similar,
moves in Fig. 12, we find that the algorithm responds welind the remaining coefficients were all of the same sign
producing successively more aggressive control effort to coms the control models. These modeling and control results
pensate for accumulating drift. At the same time as speggk encouraging, and indicate that expensive recalibration of
is increased to maintain removal rate, however, we also sgshtrol models may not be necessary.
that force is decreased to improve uniformity. The trade-off
between these two goals (seen in the response surface of VI. CONCLUSION

Fig. 6) is also apparent in the resulting control action.

: : n this paper, we have demonstrated the successful applica-
We can compare the baseline, partial model update, an . : o
. . ion of run by run control to chemical-mechanical polishing.
full model update experiments in terms of mean square e

r o ) .
(mean deviation from target squared) in the removal rate. \ﬁeﬁ/IP processes pose S|gn|f|cant_proplems. If'if:k of endpoint
find that the baseline gives MSE 6f2 x 10%, partial model or otherin-situ sensors, poor (primarily empirical) process

update of 129, and full model update 36. We thus see that tlfl]réderstandmg,- and chronic equipment drift. An integrated
. control system is under development to address these problems
full model update strategy performs substantially better than

no control or the partial model undate strate at incorporates run by run control algorithms, real-time
P P ay- monitoring to identify equipment problems, and a generic cell

controller for equipment communication, data management,

C. Control Model Robustness and control execution. In this paper, we have focused on
An interesting issue is the robustness and stability of tlen by run control demonstration utilizing post-process mea-
regression linearization models used for control [19]. Theurements, linearized response surface models from design

B. Full Model Update Experiment
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of experiments, and gradual exponentially weighted movirjgo] wW. Moyne, “Run by run control: Interfaces, implementation, and integra-

average model adaptation and recipe adjustments to maintain tion,” S.M. thesis, Department of Electrical Engineering and Computer
| h | h he i f Science, Massachusetts Institute of Technology, May 1995.
process goals. We have also shown the importance of mofle} r'R. Divecha, B. E. Stine, D. O. Ouma, D. Boning, J. Chung, O. S.

adaptation for removal rate maintenance. By incorporating Nakagawa, S.-Y. Oh, and D. L. Hetherington, “Comparison of oxide

multivariate [multiple input multiple output (MIMO)] control, planarization pattern dependencies between two different CMP tools

. . . . L. using statistical metrology,” iLSI Multilevel Interconnect ConfSanta
weighted constrained recipe generation, and quantization of cjara, ca, June 1996, pp. 427-430.
inputs, we have demonstrated control of removal rate whil&2] J. Moyned and L. McAffee, Jr, ;‘/-\ Igeneric cell controller fO(; the

; Fi ; ; automated VLS| manufacturing facility,JEEE Trans. Semiconduct.
maln'talnlng adeq'uate uniformity. , Manufact.,vol. 5, pp. 77-87, May 1992.

This work highlights several areas for future research. Firgiz) J. Moyne, H. Etemad, and M. Elta, “A run-to-run control framework
real-time monitoring by way of data compression (principal for VLSI manufacturing,” inProc. Microelectron. Process., Sensors,
component analysis) in combination with function approxis , SCTWOIS, SPIEVOI. 2091, 1994, pp. 379-390. ,

. . . “114] R. Telfeyan, J. Moyne, A. Hurwitz, and J. Taylor, “Demonstration of a
mation offers the hope of 1) early detection and diagnosis of * process-independent run-to-run controller,"Brectrochem. Soc. Meet.,
machine problems, and 2) correlation with machine state (e.g., June 1995.

) . 5] J. Moyne, R. Telfeyan, A. Hurwitz, and J. Taylor, “A Process-
d”ft) that can feed into better control of the process. Second, independent run-to-run controller and its application to chemical-

additional practical issues remain for full automation of the  mechanical planarization,” iRroc. 6th Ann. SEMI/IEEE ASM®oston,
run by run controller, including rapid mode integration, thﬁle] Nov. 1995.
e

. . D. White, “In-situ wafer uniformity estimation using principal compo-
optional selection of a dead band (to reduce or trade-off t nent analysis methods,” S.M. thesis, Department of Electrical Engineer-

number of control moves if desired), and the support of output ing and Computer Science, Massachusetts Institute of Technology, May

; - ; 1995,
constraints (rather than requiring output targets). Third, t % E?QSSachs A. Hu, and A. Ingolfsson, “Run by run process control:

inV.eStigation qf adqitionall run by run control methods appears ™ combining SPC and feedback controllEEE Trans. Semiconduct.
fruitful, potentially including classical LQG, neural network, Manufact.,vol. 8, pp. 26-43, Feb. 1995.

: ; : D. Boning et al., “Practical issues in run by run control,” iRroc. 6th
or stochastic dynamic programming approaches that can takd Ann. SEMI/IEEE ASMCBoston, MA., Nov. 1995.

full advantage of emerging empirical and physical models ¢fo] A. Ingolfsson and E. Sachs, “Stability and sensitivity of an EWMA
the process (particularly those incorporating process dynamics(Z] controller,” J. Qual. Technolyol. 25, no. 4, pp. 271-287, Oct. 1993.

: 2Q] S. W. Butler and J. Stefani, “Application of predictor corrector control
[22], [23]. These experiments have been performed on blanILe to polysilicon gate etching,” ifProc. Amer. Control ConfJune 1993.

(unpatterned) oxide wafers; control of uniformity on patterneid1] M. Morari and E. ZafiriouRobust Process Control.Englewood Cliffs,

; ; ; ; NJ: Prentice-Hall, 1989.
wafers is Curremly bemg pursued and will be presented n t% E. Zafiriou, H. Chiou, and R. Adomaitis, “Nonlinear model based run-

: : ]
future. Finally, the issues of control for metal and damasce#'e to-run control for rapid thermal processing with unmeasured variable
CMP processes are also of practical and future interest a[gg] Estizm?ti_on," ir;eElitétroch_e_m. Scac.GMeGetJune &995. .
: : . Zafirious, R. Adomaitis, an . Gattu, “An approach to run-to-run
should be investigated. control for rapid thermal processing,” iRroc. Amer. Control Conf.,

1995.
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